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ABSTRACT

The effects of radiation on fused biconical taper wavelength division multiplexers are presented, The polariz.alien sensitivity
of these devices before and alter irradiation iS discussed. Preliminary results on the effects of irradiating differentregions of the
device, and comparisons between the effects of proton and Co% radiation sources are also given. A theoretical model that
takes into account (he index change in the Ge-doped cores of the optical fibers uscd to make these devices agrees well with
experimental observations.  Thisindicates that index changesin the fiber may be primarily responsible for the effects of
radiation on these devices.
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1. IN'T’RO1JUC'T'ION

Numerous articles [15, 16, 26] discuss the advantages of wavelength multiplexing in optical Systems. Much the same as
frequency multiplexing in radio andiclevision, wavelength multiplexing increases the bandwidth of an optical sysiem by the
number of different wavelengths used. ‘The combination and separation of the different optical wavelengths is performed by
devices caled wavelength division multiplexers (WIDMs).

Several authors have studied the effect of radiation on different t ypcs of optical couplers [10-12,24]. In this paper, wc will
limit ourselves to the fused biconical tapered WDM which is made by fusing together two single mode fibers. Fused biconical
taper WHMs arc the most widely used type of coupler in the telecommunications industry, making them the most likely
candidate for multiplexed high data-rate optical buses in space.

The severe requirements for optical WMs (30-35 dBisolation) in most teleccommunications applications arc barcly met by
fused biconical taper WIDMs (t ypicall y in concatenated structures or followed by wavelengih fili crs) [26]. In order to usc these
devices in space applications, the radiation hardness of these devices heeds to be studied in order to establish the effects of
radiation, the mechanism responsible for the effects, and possible directions 10 take in the development of a radiation hardened
WDM,

"This paper assumes a basic knowledge of WDMs. Some of the terminology applicable to these devices and a description of
afused biconical roper WDM will be included in the first section. 'The second scction wilt describe the experimental procedure
used to lest these devices in a radiation environment. *J hen, a section on experimental results will outline some of the more
significant results of our experiments, focusing on the polarization sensitivity measurements before and after irradiation, The
remainder of the paper will present atheoretical model that attributes the observed radiation effects to changes in the index of
refraction of the cores of the optical fibers comprising the WDM. This paper will modify the existing theoretical analysis of
fused biconical tapered couplers [17-23,26] to correct for core index of refraction and combine with known effects of radiation
on optical fiber [1-5,25] to predict the effects of radiat ion on these devices. The polarization sensitivit y of these devices before
and after irradiation will also be studied in some detail. Yinally, the theory and the experiment will be compared.

2. WAVELENGTH 1)IVISION MULTIPLEXER (WDM)

A beam of light can be separated into its spectral components by many different methods, such as using gratings or prisms.
Wavelength division methods such as these have been integrated with fiber and used for wavelength division multiplexing
[15,16,24], but the most successful WDM has evolved from tapcied fiber technology.

2.1 Tapered optical fiber
When an optical fiber is heated above the glass softening point and stretched symmetrically, the diameter of the fiber is
decreased at the heat source and gradually tapers to the original diameter away from the heat source. Whenlight is launched




into the tapered fiber, the mode in the fiber will change along the taper.  Far away trom the tapered region, the light in the fiber
is guided by the core, and the cladding can be assumed 10 extend 10 in finity.  Butas the fiber gets thinner, the mode field
diameter approaches the diameter of the cladding and the cladding becomes the guiding medivm. It the taper is slow (adiabatic
approximation) atl the energy will be carried by the lowest order mode at every pointin the fiber. In this case, there is no 10ss
of energy and the presence of the taper iS not detectable from the propertics of the fiber.  If the taper is very sudden, higher
order modes will be excited as the light travels along the taper-down region and interfere when they couple into the
fundamental mode of the fiber in the taper-up region. The so-called Stewart-1.ove limit [26] determines the slope of the taper
below which only the fundamental mode carries the energy and above which higher order modes arc excited.

2.2 Fused biconical taper WhM

When two fibers are healed and strctched together in such a wny that the taper slope is below the Stewart-1.ove limit, the
first two fower order modes arc excited in the region betweenthe tapers.  'The coupling between the two fibers is then
determined by the interference between these twu modes.

1igure 1 showsa fused biconical tapered coupler. ‘The fused region iStypically about 3 cm long, but the region where most
of the coupling takes place (the coupling region in figure 1) is only around 5 mmlong. The origina core diameter and cladding
diameters for SMIEF28 fiber (which is usually usc(1 to make these devices) arc 9 jun and 125 um respectively. The width of the
coupling region is typically around 30 pm but varics between individua devices.

The principal coupling mechanism in fused biconical tapered couplers is fundamentally different from polished fiber-optic
WIMs or optoclectronic directional couplers which work by evanescent coupling [6,7,11-13]. in a fused biconical taper
coupler, most of the coupling results from the interfercnce between the first two fundamentalmodes in the coupling region,
which can be approximated as a rectanguolar waveguide Of constant crossection.  Only asmatl portion of the coupling is
evancscent.
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Fig. 1 A fused biconical taper WHM. Magnification and
crossection of the coupling region.

Outside the fused region, the interaction between the iwo fibers is small enough that any mode can be expressed as n vector
sum of the fundamental modes of the two fibers. Along the taper-(tcrwn region, the mocks in the two fibers begin to interact
becoming distorted. This interaction results in a small amount of coupling. Since the interaction between the two modes comes
from the overlap of onc of (he modes with the evancscent field of the other mode, this type of intcraction and the energy
exchange between the two modes is called evanescent coupling.

Asthe mode ficld diameter approaches the diameter of the cladding, the cores of the fibers arc no longer guiding the light,
and the cladding becomes the guiding structure.  Since the taper slope is below the Stewart-l .ove limit, only the first two
fundamental modes of the cladding-air waveguide are excited. These two modes arc shown in figure 2.




Since the symmetric mode is more confined 10 the fiber than the antisymmetric mode, the antisymmetric mode propagates
faster. The difference in velocity Of the two modes results in @ buildup of the relative phase between them as (hey propagate
through the coupling region. AS the fibers taper out, the modes adiabatically conformto the modes of the two single mode
fibers forcing the symmetric and antisymmetric modes 10 interfere.  The output of the Iwo fibers is then determined by the
interference pattern. 1T we ignore the phase shift between the symmetric and antisymmetric modes acquired in the tapered
regions, and only consider the phase shift between the two modes in the coupling region, the coupling constant is given by:

C=kg-ky= 2 (ng-"4) @

where n, and ng arc the effective indices of retraction in the coupling region for the antisymmetric mode and the symmetric
mode respectively, 4 is the free space wavelength of light,

Due to the dependence on wavelength Of the coupling cons tan | ( n, and ng are aso dependent on A), fused biconical
tapered couplers can be tailored to have near 100 % coupling at one wavelength and near O % coupling at asecond wavelength.
A coupler which istailored in ibis way is called a WI M.

2.3. Terminology

In order to quantify the performance of a WDM, two figures of meritare typically used: isolation and excess 10ss. In figure
2, the four fibers of the WDM are labeled: A and B are the two input fibers; C and 1> are the (wo output fibers. I.relation is
defined as the ratio of the output of port D to the output of port C when light at asingle wavelength is injected into port A.
Excess lossisthe ratio of the total output to the total input. These values arc usually expressed in dBopt.

isolation =101 +42 10100 ——
0g10 [17} ogio| 7o ¢
excess 10ss= 101logyo .I_C_t_l_l)_ 3)
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where 1,15, 1¢, I, are the optical intensities at ports A,B,C, and D respectively. Cisthe coupling constant as given by
e S cquation (1). in addition to the isolation and the excess 10ss,

Device RADIATION ISOLATION (dB) | the operating wavelength range is usually specified (typically
Name | where [ Type | Dose | A =131pum | A=1.55um 120 nm).

Mrad| Pre- Arad * Pre- Arad
e ] . l

3. EXPERIMENTAL I’ R OCEDURE

MI.-2 " Co60 | 0.1 | -24 | 408 | -23.6 | 405

: Table 1 listsall the devices that wereirradiated in the order
" " " ) 2232 | 427 | 2231 | +41.6 |

that the irradiations were performed. A description of the
radiation they were exposed to is listed in the three columns
labeled "RADIATION". The “where” columnindicates which
section of the device was irradiated. “whole” means that the
entire WDM was exposed to radiation, “input” means (hat
only a section of the WIDM cm the side of the input was
Gould-1 | w ) 0.6 | 41 irradiated, "output" means that a region close to the output of

! the WIDM was exposed to radiation, “center” means that only
the region in the middle of the WDM wasiirradiated, “o-c”
stands for output-center, and “i-¢” stands for input-center. The
"Type" column indicates whether the device was exposed to
protons (p+) or Radioactive Cobalt (Co%9). The “Dose”
column indicates the dose received by the device in Mrad
(Si03). I'hc type of device tested is given in the "Device
Name" column.

The MI. devices were supplied by NCCOSC Research,
Development, Test and Evaluation Division, These devices
T 1 307 | +5.6 | -185 | +2 | werebare,i.e. the taper region of the WHDMs was exposed to
(x)] 46 27 | _+3.5 ] the atmosphere. The devices were supplied in this way to
Table 1. Summary of test results. permit low energy proton irradiation (6 MeV). A total of
three of these devices were irradiated. The first one (MI.-1)
was exposed to 6 McV protons at a dose rate of 1.3 krad/min




for the first 100 krad, and ata dose ratc of 10 krad/min for the last 900 krad. M1 -2 was exposed to Co®? for atotal dose of 1
Mrad and 6 MeV protons for 500 krad. The relaxation of the device was observed for 45 minutes after 100 krad and for 9 hours
after 1 Mrad. The dosc rate was 1.3 krad/min for the first 100 krad and 3 krad/min for the 7900 krad. The dose rate during
proton irradiation was 10 krad/min The last Of these devices (M 1.-3) was subjected to sectional proton irradiation (S mm
sections of the device were irradiated consecutively). The dose rate was 10 krad/ min.  The device was masked with a5 mm slit
in apicce of aluminum.

The Gould devices were supplicd by Gould inc. Fiber-Optics Division. Gould-1and Gould-2 are the 16 dB isolation in a 40
nm band model, and Gould-3and Gould-4 arc the 10 dBisotation in @40 nm hand model. Gould-] was the only Gould device
irradiated with protons.  Since the devices were all packaged, the proton irradiation was donc at the UC Davis Cyclotron
acceerator where 60 McV proton energy wasused. The device received 100 krad at a dose rate of 1.3 krad/min and 900 krad at
a dose rate of 13 krad/min, Gould-2 was exposed to Co60, receiving a total dose of 3 M rad at a dose rate of 3 krad/min. The
irradiation was stopped for 1 hour after 100 krad to observe relaxation.  Relaxation was observed for 9 hours after 1 Mrad, for
15 hours after 2 Mrad and for 12 hours after 3 Mrad. Gould-3 received adose of 1 Mrad at a dose rate of 3 krad/min and was
observed for 14 hours of relaxation. Gould-4 was tested for sect ional Co%irradiation (12.7 mm sections of the device were
irradiated consecutively). The device was masked by 10 e thick lead bricks with a 12.7 mm dlit bet ween them,

The E- 1 device was supplicd by 1-THK Dynamics lat. E- 1was exposed to Co% receiving a dose of 1 Mrad at a dose rate
of 3krad/min. Therclaxat ion of the device was observed for 12 hours.

The test apparatus used for in-situ measurements of the isolation and excess 10ss of the WDMS was modified and improved
between tests. Figure 3 shows a diagram of the experimental setup used.  The lasers were changed to cooled power stabilized
laser diodes after the first test. MI.-1was the first device that was tested, and laser diodes at 1300 nm and 1547 nm were used.
All of the other devices except for the 1 511K were tested at1306 nmand 1547 nm.  The 13TEK device was only tested in-situ at
1547 nm. Mcasurements at 1306 nm for the ETI:K device were made only before and after irradiation. The laser intensity used
varied from 1 pW to 100 pW. Iinhanced anncaling was not observed in photo bleaching tests at 1mW optical power at both
wavclengths for M| .-2.
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Fig. 3 Diagram of the experimental method used.

One mayor modification that was made afler alt the M. devices and the first Gould device were tested was to add
polarization control to both wavelengths. The polarization control optics is shown in figure 3. It consisted of apolarizer and a
M2 waveplate to rotate the polarization with AR coated 10X lenses to go from fiber into free-space optics and back into fiber.



A1l A7 nm, amotorized rotation stage was used (0 rotate a half-wave plate. - At1306 nm a manual rotation stage was used.
This allowed us to measure, in-situ, the polarization propertics of the WDM at1 547 nm, and to measure the  polnriz.slim)
propertics of the WI M at 1306 nm before and after irradiation.

Figure 3 illustrates the method used in these experiments to be able to measure isolation and excess 10ss simultancously at
two wavelengths. Light at 1310 nm iSinjectedinto onc of the inputfibers of the test WIDM, and light at 1550 nim into the other.
The lest WDM is then used as a multiplexer and combines most of the light at both wavelengths into one of the output fibers.
The remaining light at 1310 nm and 1550 nm comes out Of the other output fiber, Two WIDMs are used to demultiplex the two
wavelengths at cach of the output fibers of the test WM. Six optical power sensors are Used to track the two reference fibers
and the four outputs of the WM (two at each wavelength).

A mcasurement resolution in the crosstalk better than 0,01 dB was achicved by averaging over tencvenly spaced
polarization states once the polarization Control wasin place.
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Fig. 4 Isolation changes with radiation (gray arcas) and relaxation (white rums) for Gould-2 at(a) 1306 nmand (b) 1547 nm,



4. EXPERIMENTAL RESULTS

4.1. WDM lsolation and Ixcess Loss

‘Y able 1 gives the measured isolation bet’ orc irradiation and the change induced by the radiation for all the (ests that were
done under the four columns labeled “1S01 . ATION (dB)". The change inisolation is given under the columns labeled "Arad”.
The principal effect of radiation on the WHMs that were tested was to change their isolation. No significant changes in the
excess loss of the device were observed. (Resotution in the measurcment of the output of the WDM was better than 0.1 dB.).

‘The most important result from our experiments iS that devices cannot be directly compared.  1iven the Gould devices, which
were matched in isolation to better than 0.5 dB at1311nm and 1553 nm by the manufacturer, had different i solations at our
wavclengths (1306 nm and 1547 nm) and had radicaly differentisolation changes with radiation (sec “J able 1). The largest
change in isolation was on MI.-1which changed by 10 dB at 1547 nmafier 1 Mrad of 6 McV protons. The isolation was
observed to improve for M1 .-3 at both wavelengths and for Gounld-2 at 1310 nim.

Figure 4 shows a sample of the datathat was recorded.  This data isfor Gould-2 and shows the improvement inisolation at
1306 nm. The shaded regions mark the lime when the radiation source was exposed. The white regions show the annealing in
isolation after radiation.

The results from relaxation observations arc, qualitatively, the same in al of the devices that were tested. Qualitatively, they
are also consistent with annealing of attenuation for SME28 fiber [3]: less than 20 % of the total change in isolation anncaled
with a time constant of a fcw hours.

4.2. Sectional Irradiations

Scctionalirradiations of M1.-3 and Gould-4 give preliminary results on avery important type of experiment. Irradiating
different portions of the same WHM consecutively gives in formalism about the sensitivity to radiation of the different regions
of thedcvice. It is observed that the center region is most sensitive, and that the input and output regions arc only sensitive
when closc to the center of the device (see MI .-3). Thisisto be expecied since the majority of the coupling lakes placein a5
mm section at the center of the device (as described in section 2,2). * J$he fact that sections of the input and output taper regions
arc also somewhat sensitive to radiation seems to support the theory that some of the coupling takes place in these regions.

Figure 5 shows the resulis of consecutive sectional irradiations on Gould-4.  The whole device was irradiated at the
beginning and at the end to try to compensate for the saturation of the radial ion effects on isolation. The device was packaged,
so the actual location of the coupling region within ihe package was not known. It is apparent from the results that it is
probably located closer to the input since this section is affected more strongly by the radiation than the output. These results,
and results of future experiments Will contribute to achicving a better understanding of the physical mechanisms that result in an
interaction between radiation and the €lectric ficlds in aWhM,

4.3. Polarization Sensitivity

The first experiment m determine polarization sensitivity of these devices, was to measure the polarization dependence of
isolation and excess 10ss for M1L.-2 at 1300 nm. A variation in isolation of 4 dB was measured as the polarization was changed!.
This experiment verified our suspicions that isolation measurement instability isa result of the polarization sensitivity of these
devices. It is therefore important to control the state of polarization when using fused biconical taper WIMs, or to at least be
aware of the noise that may result if the polarization is not controtled. A means m measure the effects of radiation on the
polarization sensitivity of a WDM was found and implemented starting with Goutd-2.

Device Name 1306 nm Pre-rad | 1306 nm  Post-ml 1547 nm Pre-rad 1547 mm Post-rad
Alsolation p/p Alsolation p/p Alsolation p/p Alsolationion p/p
Gould-2 0.22 dB 025 (B __0.11 aB _ | oqim aB
Gould-3 0.75dB 0.85dB 1.14B 0.45dB
Gould-4 141 (1B 115(B —.0.54 dB | 6.37dB
ETEK-1 2.5aB . ._22(B 8.5dB ~ 15@B

‘Jable 2. Summary of results of polarization measurements before and after total radiation received by each device.

Table 1 includes the dependence on polarization for the E'TEK device, which was found to be very seunsitive to polarization.
The x and y polarizations are shown. The X polarization has an clectric ficld which is only appreciable on the plane on which
the cores of the Iwo fiberslie, and the y polarization has an clcctric field on @ plane orthogonal to the other plane that is parallel
to and equidistant from the cores of the two fibers.
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14g. 5 Isolation changes with radiation (gray areas) and relaxation (white areas) for Gould-4 at (a) 1306 nm rind (b) 1550 nm.

The polarization sensitivity of Gould and ETEK devices were measured before any exposure m radiation and after all
irradiations. The variation in isolation as afunction of polarization was measured; the peak to peak (p/p) variations in isolation
before and after radiation at 1306 nm and 1547 nm arc shown in Table 2, The polarization sensitivity was largest for the ETEK
device, Since the polarization sensitivity of fused biconicaltapered couplers is attributed to the anisotropy of the coupling
region [19,20,21 ], it is suspected that the ETEK device has aless isotropic crossection in the coupling, region. As (able 2 shows,
our results indicate that the polarization sensitivity dots not change significantly with radiation.

A sample of the data used in perk to peak isolation variations mncasurements is shown in figure 6. The figure shows pre-rad
and post-rad polarization measurements for the ETEK WDM. Like any other birefringent medium, a fused biconical tapered
WDM has asinusoidal dependence on polarization. The variation needs to be periodic since a polarization of O degreces iS
equivalent 10 a polarization of 180 degrees.  Since the polarization is rotated by means of a half-wave plate, the period of the
sisusoid is a waveplate rotation of 90 degrees (which corresponds 0 arotationin polarization of 180 degrees). The data in




figure 6 iS fitted to a sinusoid. The fits are shown as solid lines, and [hey fitthe experimental data very well. Note that the
vertical scale is logarithmic, so that a sinusoid of large amplitude (as in fig 6 b) is flatter onthe top than on the bottom.
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‘The shift in phase of the Sinusoids is not asignificanteffect. In figure 6 a, the measurements were done belore and after
radiation by reconnecting the fiber. While the fiber a 1547 nm was not moved throughout the experiment, the small phase shift
is probably ducto the change in the environmen tally-induced birefringence of the single mode fiber connecting the polarization
control output of the WM. In order (o measure it’ radiationresults in a phase change, alotof precautions must be taken, and
the experiments presented here were not designed for il

At 1547 nm, the polarization scositivity was monitored in-sito by gencrating plots like the one in figure 6 every minute. The
maximumand minimum measured isolations during the entire experiment are shown in figure 7 for 11-1, The maximum in
isolation is attributed to x-polarized light and the minimum to y-polarized light.  The reason for this will be explained once the
theory for these devices has been discussed,

Since environmental changes vary the birefringence of single mode optical fiber, uncontrolled changes in the slate of
polarization results in increased noise and drift in the isolation of the device. Small changes in the excess loss (<0.2 dB) are
also known to be related to changes in polarization, and were measured in these experiments,

4.4. Comparison between Co% and proton irradiations

As table 1 shows, Gould-2 was subjected to consecutive 1 Mrad Co%0 jrradiations. It can be seen from these results that the
effect of Co%C radiation on saturates. 10 other words, the effect of each additional M rad decreases. ‘1'able 1 also shows the
results consceutive Co% and proton irradiations on M1 .-2, More t han two weeks separated the two irradiations. Nevertheless,
at 1306 nm, 500 krad of protons resulted in atarger change in the isolation thanthe initial 500 krad of Co®0, At 1547 nm, 500
krad of protons resulted in a larger change in the isolation of the WM than the 1 Mrad of Co%0, It is apparent, from these
results, that the initial Co®Q irradiation did not saturate the effects of radiation for protons. It may then be that protons cause
additional isolation change by means of a different mechanism. |t isalso possible that the devices tested were different. Future
experiments in which successive proton and Co®0 irradiations arc performed on the same device may provide an answer.

5. THEORETICAL ANALYSIS

A variety of explanations for the experimentally observed effects of radiation on fused biconicaliaper WDMS were
investigated. These included the effect of normal mode loss [ 7], coupling into cladding modes, bulk silicaindex changes, and
core index changes. Order of magnitude calculations have been made for these and other effects, and the only effect that
matches our experimental observations qualitatively and in the order of magnitude is change in core index, ‘1" here arc some
indications in the literature that nonequivalent index changes may also be of importance in other types of optical directional
couplers[11 - 13]. An explanation of thetheory ispresented in this section. An order of magnit ode comparison with our
experimental measurements is given in the following sections. More experiments need to be performed in order to determine
other effects not considered in this paper that may significantly affect the performance of afused biconicaltaper WM.

5.1. Rationale

Previous measurements on irradiated Ge-eloped silica core fiber [1-5] indicate the presence of four t ypcs of color centers in
irradiatcd Ge-doped silica. These are the Ge( 1,2,3) and Ge-1' centers with absorption bands at 281nm, 213 nm, 240 mn, and
517 nmrespectively. By the Kramers-Kronig relation [ 28], the index of refraction (real part of the susceptibitit y function) is
dircctly related to the absorption (imaginary part of the susceptibility function), so that the color centersin Cie-doped silica also
affect its index of refraction. 11 can be shown that the index increases for wavelengths greater than the absorption wavelength
(normal dispersion) and decreases for wavelengths that arc smaller (anomalous dispersion). Therefore, since the absorption
wavelengths are in the VUV, radiation will increase the index of the Ge-doped cores in SM128 fiber at 1310 nm and 1550 nm
(IR).

The increase in index in the cores of the fibers will affect the coupling of the fused biconical tapered WDMS studied in this
paper. As can be seen in figure 3, the change in index in the cores will affect the antisymmetric mode more than the symmetric
mode, since the percentage of the electric field in the coreregion is greater for the antisymmetric mode. The differencein
velocity between the two modes will decrease, changing the phase shift between the two modes at the end of the coupling
region. Aswillbe shown in the more detailed analysis that follows, the effect will be apositive shift in wavelength of the
isolation vs. wavelength curve,

5.2. Theoretical Modecl
The most commonly used model for a fused biconical tapered coupler ignores the coupling in the taper regions and
approximates the coupling region by a rectangular’ dielectric waveguide as shown in figure 8.
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When this simple structure is assumed, the coupling constants for both polarizations can be easily calculated by using
equation (3). The coupling constants for x and y polarized modes inthe rectangular diclectric waveguide are given from [ 1 7]
by:
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where n, is the index of the cladding, n; iSthe index of the surrounding medium (typically air), « is the height of the
rectangular crossection as Seen in figure 6, and:
‘ 21\1/2 6
V= %’—fg (n% ny ) ©
The analysis resulting in equations (4) and (5) ignores the cores of the fibers. These are shown as shaded squares in figure 6.
in order to model the effects of a change in the index of refraction of the core, the effect of core index on the coupling constant
needs 1o be calculated.  Thiswill be done by approximating the change in the effective indices of the symmetric and
antisymmetric modes with an overlap integral calculation.
Marecatili solved for the modes of a rectangular dielectric waveguide (27]. Wc arc only concerned about the first (wo
fundamental modes which are the EJ” (symmetric) and 5} (antisymmetric) lincarly polarized modes. (These two modes are
redly ‘I'M modes with very small electric ficld in either the X or y direction.) inside the waveguide, the ficlds are given by:

EgY *1'0 cos(k R4 ) cos(k;"y y) (7)
ESY = B -sin{2kx)-cos(k37y) ®)

where Eg isthe electric field for the symmetric mode and E, is the electric ficld for the antisymmetric mode. The superscripts
denote the polarization. The functional form of the electric field is independent of polarization, but due to the dependence on
polarization of ky and ky, the shape of the modesis slightly dependent on polarization.

For x-polarized light:
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For y-polarized light:




The effective index of each mode is given by the overlap integral of the square of the clectric field andthe index of refraction
shown in figure 8. Assuming thatthe mode shape dots not change appreciably with the inclusion Of the cores, wc can
approximate the change in the eftective index of a mode as follows:
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where n; is the index of refraction of the core and 4 is the widih of the core in the model shown in figure 8.
Using equations (7), (8) in equation (9), wc can calculate the change in the syminetric and antisymmetric indices of
refraction caused by the cores of the fibers:
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We can use equat ion (3) together with cquations (1 O) and (11) to solve for the change in the coupling constant caused by the
difference between the core and cladding indices of refraction.  The final result isa correction of equation (4) when the core
index is taken into account:

Cot G=-h | Ly 1L 14AC, +AG, (12)
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6.CHANGE IN INDEX AT 1310 NM AND 1550 NM

WCc are not aware that any measurements of the core index change in SMF28 fiber have been made for Co®0 or proton
irradiation, These measurements are necessary in order to accurately determine the effects of radiation on isolation suggested
by the theory. For order of magnitude calculations, we will approximate the index change from measurements of core index
change of Gc-€eloped fiber exposed to UV radiation.

1 land and Russel [5] measured the effects of high intensit y UV (488 nm) irradiation on tbc core index change of Ge-doped
fiber. By using a three term Sellmeir expression, 11and and Russel calculate an index change of 1.910-4 at wavelengths greater
than 1 pum for a Ge-doped fiber with aradiat ion induced absorption of the order of 1000 dB/km at 488 nm. Assuming that the
absorption by the Ge(1) color center iSmostl y responsible for attenuation at wavelengths greater than 300 nm, and a Gaussian
absorption lineshape for the Ge(1) color center absorption at 281 nm with alinewidih of 1.97 eV [1], it can be shown that an
absorption of 1000 dB/km at488 nm corresponds to an absorption of 12.6 dB/km at 1300 nm. Assuming that the relation
between attenuation and index change is the same for UV and Co% irradiations, and since the measured absorption of SMF28
fiber exposed to Co®0 after a dose of 1Mrad at 50 degrees Celsius is13 dB/km[3), we will approximate the core index change
for SMI?28 fiber to be 10-4/Mrad.



A valucof 10-*after 1 Mrad will be used in the next section to compare between the theory and the experimental results,
Since many assumplions are made in the calculation of the index change, it is possible that our estimate may be off by as much
asan order of magnitude. ‘The authors arc aware that a direct measurement of the index change in the core of the fiber for both
Co% and proton irradiations iSnecessary for atrue comparison bet ween theory and experimen tal data.

7. COMPARISONBETWEEN “1'11EORY AN |) EXPERIMENT

7.1. Red-shift in isolation vs. wavelength

Using equations (12), (13) and (14), in cquation (2), the change in the isolation duc to a change in the index of the core can
bc easily calculated. Yigure 9 shows the isolation as a function of wavelength near 1550 nm before and after irradiation for x
and Y polarized light. The numbers used in the calculation arc:

a=151m
ny =1

Ny = 1.458
bla=9/125

The length of the coupler was 6.9 mm in order to locate the maximum and minimum coupling near 1310 nm and 1550 nm
before radiat ion. The maximum isolation predicted by the theory iStoo high since the excitation of higher order modes [23] and
the effect of normal mode 10ss [7] arc ignored. This was corrected for in the figure by adding 0.001 to the coupling constant C,
thus making the maximum isolation -30 dB.The change in core index caused by the radiation is assumed to be 10”.
According to the model, it can be seen that radiation causes a red-shiftin the isolation vs. wavelength curve (sec figure 7). This
result isin agreement with our experimental observations.

In the experiment, isolation improved in some devices, and degraded in others.  As shown in figure 7, if the wavelength of

the Jaser used to test the device is much longer than the wavelength of maximum isolation, a red-shift of the isolation curve will
improve the observed isolation, If, cm the other hand, the probing wavelength is much shorter than the wavelength of maximum
isolation, radiation will degrade the isolation of the WDM. There are some wavelengths for which the isolation first degrades
and then improves or vice versa, There arc also some wavelengths for which the isolation improvesin one polarization and
degradcs for the other polarizat ion.
The ETEK device that was tested has a slightly smaller polarization dependence than the theory predicts, but the experimental
results agree reasonably well with the changes in isolation shown by the markers between 1.54 pm and 1.55 pm in figure 9.
The change in isolation in dB isless for the y-polarized light (dark markers) than for the x-polarized light (light markers). The
difference in the initial isolation is also consistent with experiment,
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Fig 9. Plot of equation (12) before and after a core index change of 107-4 for both x-polarized and y-polarized light.



Figure 9 only shows a portion of the isolation vs. wavelength curve,  1( can be shown (hat the isolation is a sinusoidal
function of wavelength for fused biconical tapered WDMs with @ maximum at near 1310 nm and a minimum near 155(1 nm(or
vice versa). In order to make some correlation between the relative position of the laser wavelength and the direction of
isolation change with radiation, asinusoidal fitto four data points was used to locale the relative position of the laser
wavelength and the maximum  isolation wavelength for the Gould WDMs.  To do this, a minimum of four data points are
needed since there are four variables (the period of the sinusoid, the amplitude at 1310 nm, the amplitude at 1550 nm, and the
phase). The results arc shown in figure 10, Two of the data points (al 1311 nmand 1553 nm) were given by the manufacturer,
and the other two are from our experimental measurements (at 1306 nm and 1547 nm). The fits arc not exact since thereisa
range of crror on each data point of approximatel y 0.3 dB duc to the polarization dependence of isolation. Nevertheless, it is
seen that the laser wavelength is shorter than the wavelength of maximum isolation for both devices at 1550 nm. A red shift in
the isolation would result in adecrease in isolation, Table 1 shows that the isolation decreased for both WiDMs after radiation.
Gould-2's isolation a1 1306 nm improved, and the fit shows that the Iaser wavelength (the leftmost data point) is to the right of
the isolation peak. Gould-3 degraded in isolation at 1306 nm, and the laser wavelength is nearly atthe peak of isolation, Such
fits were done for all four Gould devices, and the results were consistent with the direction of isolation change in the
experiment.
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Fig. 10 Sinusoidal fit to pre-rad isolation data for (a) Gould-2 and (b) Gould-3

7.2. Magnitude of wavelength shift

Numerically, the shift in wavelength caused by the change in coupling can also be calculated. As mentioned in section 6, we
assume an index change of 10*for these calculations. Figure 11 shows the dependence of the wavelength shift at 1310 nmon
the dimensions of the coupling region. The wavelength shift depends mostly on wavelength and has avery small dependence
on polarization. T'ypical dimensions of these devices range between 15 pm and 20 m, so the correspo nding wavelength shifts
range between 5 nm and 10 nm. The shift in wavelength at 1550 nmis 4 nm to 8 nm. If the curves in figure 10 arc shifted by
10 nm at 1306 nm and by & nm at 1547 nm, it can be seen that post-rad isolation values agree well with the theory.

As can be seen in figure 11, the theory also suggests that a harrower (and thus shorter) WI )M may beless sensitive m
radiation. This result has not been verified experimentally.

7.3,Sectional irradiations

The results from sectional irradiations on M1.-3 and Gould-4 indicate that parts of the taper region are also sensitive to
radiation. Even though the taper regions arc not included in the theory, this would be expected since there is smnc coupling
between the two fibers in the taper regions. A complete calculation of the coupling in fused biconical tapered couplers may be
useful to accurately model the effects of radiation, but such a detailed analysis would not be effective in providing a
fundamental understanding of the problem.

7.4, Proton vs. Cof0

Aswas mentioned in section 4.4, it appears that protons may induce a larger index change in these couplers than Co®.
Since the present theory docs not explain the possible differences, it is possible that there is another mechanism for changing
the index of refraction of the cores, unrelated to color center absorption. It has been suggested in the literature [5] that ionizing
radiation may form permanent electric dipoles in Ge-eloped SiO;. The frozen-in electric fields could generate localized



refractive index changes by means of the clectro-optic effect. Since protons generate large amounts Of clcaron-hole pairs as
they go through the fiber, they may generate larger index changes than Co%0 irradiation.

Mecasurements of the polarization sensitivity before and after proton irradiation as well as localized electric field
measurtements on protonirradiated fiber may provide insights into the physical mechanism responsible for our observations.
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Fig. 11 Dependence of wavelength shift cm dimensions of the coupling region for x and y polarized light at 1310 nm and 1550
nm.,

8. CONCILUSION

The effects of Co® and proton irradiation of fused biconicaltaper wavelength division multiplexers for 1310 nm and 1550
nm have been investigated. Changes in the excess loss of these devices iSless than 10-4 dB/krad, while changes in isolation as
large as 10-2 dB/krad Were measured. A theorctical model indicates that acore index change of 10-4 in the fibers used to make
afused biconical taper WIDM may result in a red shift in the coupling of the device of nearly 10 nm. It is suspected that a dose
of 1 Mrad of Co®® or protons may cause index changes in that order of magnitude, thus affecting the isolation of the WM by
amounts consistent With experimental observations. The polarization sensitivity of fused biconical taper WDMS was aso
investigated before and after radiation. While radiation did not significantly increase the polarization sensitivity of any of the
devices tested, it is concluded that polarization must be controlled in some fashion when testing these devices. The radiation
sensitivity of different regions of the device was also experimentally investigated. It has been found that the center of these
devices is most sensitive to radiation, but that regions around the center arc also somewhat sensitive.

Jiight separate devices from three different manufacturers were tested in a total of twenty two irradiations. The results from
straight irradiations, annealing a room temperat ure. after radiation, and measurements on the effect of polarizat ion on isolation
of five WDMs were described. In addition, sectional irradiation measurements on two WDMs and a comparison between
proton and Co%® were briefly discussed.

If core index changes are primarily responsible for the changes in isolation experimentally observed, our theory suggests that
the manufacture of fused biconical taper WDMs may be tailored so that the isolation improves when exposed to radiation. Our
theory also suggests that a WM with a shorter and narrower coupling region may be less senditive to radiation, These factors
may be of considerable importance in the development of a radiation hard fused biconical taper WM. Other devices that may
be similarly affected by radiation include tapered waveguide optical filters, fused biconical taper polarization splitters, and
cvancscently coupled devices.

The authors wish to thank Simon Cao at I:-TEK and Matt Mel.andrich at NCCOSC for donating devices for the tests
described in (his paper,
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